Ion currents through three types of rectifying nanoporous structures are studied and compared for the first time: conically shaped polymer nanopores, glass nanopipettes, and silicon nitride nanopores. Time signals of ion currents are analyzed by power spectrum. We focus on the low-frequency range where the power spectrum magnitude scales with frequency, f, as 1/f. Glass nanopipettes and polymer nanopores exhibit non-equilibrium 1/f noise, thus the normalized power spectrum depends on the voltage polarity and magnitude. In contrast, 1/f noise in rectifying silicon nitride nanopores is of equilibrium character. Various mechanisms underlying the voltagedependent 1/f noise are explored and discussed, including intrinsic pore wall dynamics, and formation of vortices and non-linear flow patterns in the pore. Experimental data are supported by modeling of ion currents based on the coupled Poisson-Nernst-Planck and Navier Stokes equations. We conclude that the voltage-dependent 1/f noise observed in polymer and glass asymmetric nanopores might result from high and asymmetric electric fields inducing secondary effects in the pore such as enhanced water dissociation.
INTRODUCTION
Single nanopores in polymer, silicon nitride (SiN) and silica films have been studied by researchers from various fields as the basis for single molecule sensors and as a model system for studying processes occurring at the nanoscale. 1, 2, 3 Information about processes occurring inside a nanopore is typically obtained by measuring ion current, which acts as a microscopic view for interactions between passing ions or molecules and the pore walls. To study ionic transport through nanopores, average signals in the form of current-voltage curves as well as transient recordings of ion current in time are acquired. Rectifying current-voltage curves reflect the existence of a broken symmetry of the intrinsic electrochemical potential of the nanopore. 4, 5 Ion current fluctuations and discrete pore openings and closings carry information about intrinsic dynamics of ion channels 6 , nanopores 7 , or transient formation of precipitates. 8 Transient pore blockages are also formed by translocating molecules and particles whose size is similar to the pore diameter. 1, 2, 3, 9, 10, 11 In this article we study noise properties of ion currents recorded in single polymer
and SiN nanopores as well as in glass nanopipettes. We focus on the low-frequency, f, noise seen in the power spectra as 1/f  . This noise, typically called 1/f noise 12, 13 , appears in the frequency regime relevant for detecting single molecules and has been widely studied as a function of pore size, ionic concentration and applied voltage. 14, 15, 16 Various nanoporous structures have been reported to exhibit different properties of 1/f noise. SiN non-rectifying nanopores are characterized by equilibrium 1/f noise. This means the normalized noise, defined as the magnitude of the power spectrum at a chosen frequency (typically 1 Hz) divided by the squared value of a current (S(1Hz)/<I> 2 ), is constant and voltage-independent. 14, 15 A report from another group showed rectifying SiN pores which also produced equilibrium 1/f noise. 17 These results are in contrast to the recently reported system of single conically shaped nanopores in polymer films which rectified current and exhibited non-equilibrium 1/f noise: the normalized noise magnitude at 1 Hz, S(1Hz)/<I> 2 , increased with voltage in an exponential manner. 18, 19, 20 Polymer nanopores also showed a counter-intuitive result:
larger currents observed at higher KCl concentrations were characterized by elevated values of S(1Hz)/<I> 2 . 19 The goal of the studies presented in this paper was to investigate noise properties of ion currents recorded in different types of rectifying nanopores in an effort to elucidate possible mechanisms of the non-equilibrium 1/f noise observed in polymer structures. We also hoped to establish a relationship between current-voltage curves and types of noise exhibited by transient recordings.
Three types of rectifying nanoporous structures were examined: SiN nanopores drilled with a Focused Ion Beam (FIB) 10, 21 , conically shaped polymer nanopores prepared by the track-etching technique 22, 23 , and glass nanopipettes fashioned from heated quartz capillaries. 24, 25 Polymer nanopores and nanopipettes rectify due to the asymmetric electric potential resulting from the shape and finite surface charges of the pore walls. 4, 5, 24 Rectification in SiN nanopores results from the gold layer at the membrane surface deposited before FIB drilling, which is characterized by a higher surface charge density in KCl solutions 26 than the SiN pore walls. 11 The hypothesis tested here states that non-equilibrium 1/f noise can potentially result from the dynamics of a nanopore structure. Polymer structures are soft materials which can undergo an intrinsic dynamics, especially when in solution. The dynamics of the pore walls is predicted to be regulated by the charge repulsion and pressure on the walls, which occur in a charged nanopore as a function of ionic strength of the background electrolyte. 27 The pressure between the pore walls prevents the "soft" walls to come in close proximity with one another. SiN nanopores and glass nanopipettes are our model system for rigid structures and their ion currents were expected to exhibit different noise behavior than currents in the polymer nanopores. We also tested whether the formation of vortices and other nonlinear fluid phenomenon might affect the noise properties of the asymmetric nanoporous systems studied.
EXPERIMENTAL METHODS

Preparing polymer nanopores
Single nanopores in 12 micrometer thick polyethylene terephthalate (PET) films were prepared by the track-etching technique. 28 Briefly the technique entails irradiating the films with single energetic heavy ions at the linear accelerator UNILAC (GSI, Darmstadt, Germany) 29 , and subsequent chemical etching of the irradiated samples.
Asymmetric etching of PET in 9 M NaOH leads to the preparation of conically shaped nanopores. 22 Pore preparation was performed in a conductivity cell: one chamber of the cell was filled with 9 M NaOH while the other chamber contained an acidic stopping solution (Figure 1 left) . The process was monitored by measuring current when voltage of 1 V was applied across the membrane. For the pore fabrication, a Keithley 6487 picoammeter/voltage source was employed. Once the current reached a value of ~100
pA, a sub-10 nm nanopore was prepared. The nanopore diameter was measured after pore preparation in 1 M KCl by relating the pore electrical resistance with its geometry.
To obtain pores with diameter larger than 10 nm, additional etching was performed with 9 M NaOH present on both sides of the membrane. Pore sizing and all subsequent transport experiments were performed in the same conductivity cell in which the pores were prepared. Nanopores used in this study had diameters between 5 and 40 nm.
Experiments were performed primarily in KCl solutions buffered to pH 8 with Tris buffer. Instrument, Novato, CA). Electrolyte solutions were backfilled into nanopipettes using a microfill needle (World Precision Instrument, Inc.). For recording ion currents, a Ag/AgCl electrode was inserted into the nanopipette and a second Ag/AgCl electrode was placed in an external solution bathing the nanopipette.
Pulling glass pipettes
Drilling pores in SiN by focused ion beam
SiN membranes with 50 nm thickness were purchased from SPI Supplies, West
Chester, PA and coated with 20 nm of gold using a sputter-coater. A Strata dual beam FIB (FEI Company, Hillsboro, OR) was then used to drill single pores in each membrane by ion beam-assisted milling, and to subsequently image the pores with the electron beam. Ion beam currents of 10 pA were typically used. Pores evaluated in this study had diameters ranging from 40 nm to 80 nm.
Ion current recordings
Ion current time series were recorded at a sampling frequency of 10 kHz and filtered with a Bessel filter of 2 kHz. An Axopatch 200B amplifier and Digidata 1322A
A/D converter were used for data acquisition. The voltage was changed with 50 or 100 mV steps from +1000 mV to -1000 mV. Each recording was 2 min long. Current-voltage curves were found by calculating arithmetic average values of the current signals for a given voltage together with the standard deviation. Figure 1 shows photographs of conductivity cells used for studying polymer (left) and SiN nanopores (middle), and the electrode assembly for investigating nanopipettes (right). In all cases ion current recordings were performed using two Ag/AgCl electrodes. Since Ag/AgCl electrodes are to a large degree non-polarizable and very stable, we could build a two-electrode set-up in which one electrode, placed at the tip opening of a conical nanopore, was grounded.
The other electrode, placed at the base of the conical nanopore, was used to apply a given potential difference with respect to the ground electrode. to rectify the ion current such that the preferential direction of cation current flow is from the narrow opening toward the base of the cone. 4, 22, 23, 32, 33 In our experimental configuration with the ground electrode located at the narrow opening, negative currents are larger than the positive currents. Positive currents correspond to potassium ions being driven from the large opening to the small opening of the cone. The ion current rectification is a strong function of the electrolyte concentration and the pore diameter:
the pores rectify only if the pore radius is comparable to the thickness of the electrical double-layer in a given solution. 4, 5, 23, 32, 33 The dependence of the ion current rectification on salt concentration is not monotonic, however, and exhibits a maximum. For very low
KCl concentrations, when a large portion of the pore is filled primarily with counterions, the pores rectify less. Noise properties of conically shaped and rectifying nanopores have recently been studied by power spectra which revealed an existence of 1/f noise in the lowfrequency range of the power spectrum. 18 In contrast to previously reported nanopores pressure on the walls. 27 If the distance becomes larger, or if the walls are in contact with a solution of higher ionic strength, the surface charges are screened, preventing the walls from "seeing" each other; as a consequence, the pressure between the walls drops to zero. We think that since the pores are made out of a soft material, they will undergo an intrinsic dynamics which will be especially pronounced during the absence of the pressure between the walls. This wall' "breathing" would occur at low frequencies and be responsible for the 1/f noise in ion currents observed through polymer nanopores. The noise properties change with applied voltage, because ionic concentrations in the pore are strongly-voltage dependent, as previously mentioned. [30, 31, 35] .
Voltages and bulk KCl concentrations are indicated in the figure.
To strengthen the argument that properties of 1/f noise in ion currents through conically shaped polymer nanopores are dependent on voltage polarity, we compared the magnitude of the power spectrum at 1 Hz for currents of the same absolute value, but recorded for voltages of the opposite polarity. Figure 6 presents the relation of S(1Hz) on the current value for a conically shaped nanopore with a narrow opening of 11 nm in diameter (the same pore studied in Figure 3 ). The graph indicates that currents of the same absolute value can indeed have significantly different power spectra magnitudes. 
Filled squares (■) present S(1Hz) for currents recorded for positive voltages; empty squares (□) are for negative currents. Positive currents are lower in magnitude so the relation of S(1Hz) is presented for a shorter range of current values compared to negative currents.
To further investigate the role played by pore walls dynamics in the 1/f noise properties, we studied ion currents in other rectifying systems, namely glass nanopipettes and rectifying SiN nanopores. Since both SiN and glass structures are rigid, they constitute good control systems for the testing of our hypothesis. Ion current recordings were performed in the same manner as those for polymer nanopores, so that the current-voltage curves present average values over 2-min recordings. Figure 7B shows normalized power spectra of the ion current time series.
Quartz nanopipettes
We were surprised to see the same type of asymmetry of S(1Hz)/<I> 2 with voltage polarity, as previously observed for polymer nanopores. Similar to the conical polymer pores, ion currents in the pipettes were characterized by a decreased normalized power spectrum at lower KCl concentrations, which is in contradiction to the Hooge formula. It is important to mention that the degree of rectification for pipettes exceeded a factor of 5 in the voltage range between -1 V and + 1 V. It is in fact a higher rectification degree than that obtained with single conically shaped nanopores. We think the high current-voltage curve asymmetry is related to the shape of the nanopipettes. As studied by Ramirez et al. [36] , the shape of nanopores strongly influences rectification properties of the structures. Nanopores with an elongated tip region, similar to the shape of the pipettes, were predicted to have superior rectification properties in comparison to tapered-cone shaped nanopores. We think that the voltage-dependent character of the normalized power spectrum of currents in glass nanopipettes cannot originate from the dynamics of the pore walls, since these structures are rigid. It is possible that the asymmetry of the normalized noise in glass pipettes and polymer nanopores might have different physical basis.
As a next step, we studied the noise properties of ion currents through rectifying SiN nanopores.
SiN nanopores
In the search for physical phenomena responsible for the non-equilibrium character of the 1/f noise of ion currents in polymer and glass rectifying structures, we analyzed ion current time series recorded through single SiN pores prepared by FIB milling. 21 Structures studied had a low aspect ratio (~1), thus the diameter and the length of the pores were comparable. The shape of the pores was approximated as a cylinder. In the process of the pore fabrication, however, a gold layer was deposited on one side of the membrane. A gold surface in contact with KCl is known to be negatively 2.0x10 -6 3.0x10 -6 4.0x10 -6 5.0x10 2.0x10 -6 3.0x10 -6 4.0x10 -6 5.0x10 
Noise properties of polymer nanopores as a function of solution temperature and viscosity
The dependence of ion current noise properties on voltage polarity observed for glass nanopipettes indicated that the dynamics of pore walls in polymer pores might not be the only phenomenon contributing to the 1/f noise properties. Another possibility for the enhanced levels of noise observed in nanoporous structures was proposed by Rubinstein 37 , and recently demonstrated for planar nanofluidic systems. 38 With high electric fields applied across the membrane, there is a possibility of formation of fluid vortices at the pore opening, which was found to be dependent on the magnitude and polarity of the applied voltage.
Some rectifying bipolar diode systems were also shown to have a peculiar distribution of fluid flow along the pore radius so that sufficiently far away from the pore walls, the fluid could change the direction of its movement. 39 Our measurements indicated that adding glycerol to the side of the membrane with the large opening enhanced the rectification properties of conically shaped nanopores. With glycerol at the base and for positive voltages, potassium ions are sourced from the higher viscosity solution, causing the currents to decrease even more, compared to the KCl water solution. The small opening of the pore is still in contact with a low density solution, and consequently, the negative currents remain almost unaffected by the glycerol in this electrolyte configuration (green squares in Figure 11A ).
Ion current measurements were also performed at a lower temperature when the conductivity cell was placed on ice. Lowering temperature decreased the electric mobility of ions so that the measured ion currents became lower. The normalized noise level at the two concentrations was however comparable (Figure 12 ).
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4.0x10 -7 6.0x10 -7 8.0x10 4.0x10 -7 6.0x10 -7 8.0x10 The measurements of ion currents with solutions of a higher density and lower temperature suggested that the formation of vortices is an unlikely cause for the voltage-dependent properties of the 1/f noise in polymer and glass nanopipettes.
Modeling of electric field in conically shaped nanopores
Although our experiments did not confirm the formation of vortices in conically shaped nanopores, we quantitatively described the electric fields to which ions and water molecules are subjected inside the pore. High electric fields might cause secondary effects, e.g. enhanced water dissociation 41, 42 , which could lead to pH fluctuations in the pore, and consequently increase ion current fluctuations. 43 According to the second-order Wiener effect, the dissociation of water is a strong function of the applied field, while the recombination was found to be electric field independent.
Poisson-Nernst-Planck modeling of the electric fields was performed for the 7 nm in diameter nanopore for various concentrations of background electrolyte ( Figure 13 ). The modeled nanopore was 12 m long, and had opening diameters of 7 and 500 nm. 
CONCLUSIONS
We have studied ion currents through three rectifying nanopore structures:
conically shaped nanopores in polymer films, glass nanopipettes, and cylindrical SiN nanopores coated with gold. We tested two hypotheses for the origin of non-equilibrium 1/f noise in polymer nanopores. Namely, we analyzed whether the observed voltagedependence of the 1/f noise magnitude could be explained by pore wall dynamics, and/or the formation of vortices and other patterns of fluid dynamics in the pore.
Ion currents through polymer rectifying pores recorded in solutions of various KCl concentrations, as well as ion currents through rigid rectifying SiN nanopores, indicate that pore wall dynamics might indeed impact the properties of ion current noise. But the system of glass nanopipettes, although rigid, was still characterized by the voltagedependent 1/f noise. In order to evaluate vortex formation in the studied voltage range, ion currents in polymer conical nanopores were recorded with elevated solution density, and decreased temperature. The voltage-dependence of the currents power spectra observed in these conditions suggests that vortices are unlikely to be formed in our system. The Poisson-Nernst-Planck modeling of electric fields in conically shaped nanopores however revealed the existence of high electric fields for one voltage polarity for which the normalized noise of ion currents showed a non-equilibrium character. The values of electric fields to which ions and water molecules are subjected were also found to be dependent on the background KCl concentration. We therefore postulate that the voltage-dependent 1/f noise could result from secondary effects originating from high electric fields, e.g. water dissociation.
It is also possible that 1/f noise in rectifying nanopore systems might not result from a single mechanism, but rather might originate from several effects, contributing in various systems to a different degree.
